Using morpholine as sole source of carbon, nitrogen and energy, strain HE5 (DSM 44238) was isolated from forest soil. The isolated strain was identified as a member of the subgroup of fast-growing Mycobacterium species as revealed by 16S rDNA analysis. An identity of 994 % was obtained to Mycobacterium gilvum ; however, the type strain was unable to utilize morpholine. A maximal growth rate of 017 h N1 was observed at a morpholine concentration of 30 mM, 30 SC and pH 72. The substrate was tolerated at concentrations up to 100 mM. Besides morpholine, the strain utilized pyrrolidine, piperidine and proposed intermediates in morpholine metabolism such as glycolate, glyoxylate and ethanolamine. Degradation of morpholine, piperidine and pyrrolidine by resting or permeabilized cells was strictly dependent on the presence of oxygen. Addition of the cytochrome-P450-specific inhibitor metyrapone to the growth medium resulted in a significantly decreased growth rate if these cyclic amines were used as a substrate. Carbon monoxide difference spectra of crude extracts from cells grown on these substrates compared to spectra obtained for extracts of succinate-grown cells indicated that cytochrome P450 is specifically expressed during growth on the cyclic amines. These data indicated that a cytochrome-P450-dependent monooxygenase is involved in the degradation of the three cyclic amines.
INTRODUCTION
The heterocyclic xenobiotic compound morpholine is of great importance for different industrial purposes (Mijos, 1978) . It is used as a versatile solvent, rubber additive, anticorrosive agent and in the production of drugs and pesticides due to its chemical nature, being both a cyclic ether and a secondary amine. Because of its wide range of applications, morpholine occurs in the environment and has been detected in foods (Hamano et al., 1981 ; Mohri, 1987) . Like other secondary amines, morpholine is subject to chemical and biological Nnitrosation, thus becoming a carcinogenic compound (Enzmann et al., 1995) . The removal of morpholine from contaminated industrial waste waters is therefore The EMBL accession number of the 16S rRNA gene of Mycobacterium sp. strain HE5 is AJ012738.
of environmental interest. The isolated organisms capable of growing on morpholine as sole source of carbon, nitrogen and energy were identified in most cases as mycobacteria (Cech et al., 1988 ; Knapp & Brown, 1988 ; Swain et al., 1991 ; Poupin et al., 1998) , with the exception of an Arthrobacter sp. (Dmitrenko et al., 1985) . More recently, Knapp et al. (1996) described some Gram-negative Pseudomonas spp. co-metabolizing morpholine in the presence of succinate. A common feature of morpholine-utilizing cultures is their slow growth (µ max 0n05-0n07 h −" ), disadvantageous for potential biotechnological applications (Knapp et al., 1982 ; Cech et al., 1988 ; Knapp & Brown, 1988 ; Mazure & Truffaut, 1994 ; Poupin et al., 1996 Poupin et al., , 1998 . Hypothetical pathways have been proposed for the microbial biodegradation of morpholine (Swain et al., 1991 ; Mazure & Truffaut, 1994 ; Combourieu et al., 1998) . Depending on the organism studied, ethanola-IP: 54.70.40.11
On: Mon, 05 Aug 2019 02:40:54 T. SCHRA $ DER and OTHERS mine and glycolate were suggested to be key intermediates in the biodegradation of morpholine (Swain et al., 1991 ; Combourieu et al., 1998) . Combourieu et al. (1998) used "H NMR spectroscopy for a direct detection of morpholine and they were able to identify 2-(2-aminoethoxy)acetate as an intermediate of morpholine degradation, demonstrating that the initial ring cleavage occurred at the C-N bond. However, little is known about the enzymes catalysing these initial steps (Knapp et al., 1982 ; Cech et al., 1988 ; Knapp & Brown, 1988 ; Brown & Knapp, 1990 ; Swain et al., 1991 ; Emtiazi & Knapp, 1994 ; Mazure & Truffaut, 1994) . Recently, evidence was presented for a cytochrome P450 to be involved in the initial oxidation of morpholine by an environmental Mycobacterium strain .
In this paper, we describe the isolation and characterization of a Mycobacterium strain related to Mycobacterium gilvum showing significantly increased morpholine degradation rates compared to the morpholine-utilizing organisms described so far. Evidence is presented that a cytochrome P450 is involved in morpholine, piperidine and pyrrolidine degradation by this organism.
METHODS

Chemicals.
Cyclic amines, ethanolamine, aminoethoxyethanol, DTT and PMSF were purchased from Sigma. Q Sepharose was obtained from Pharmacia and Benzonase was from Merck. All chemicals were at least of analytical-reagent grade.
Enrichment, isolation and growth of organisms. Aerobic morpholine-degrading organisms were isolated from noncontaminated forest soil samples. The inocula were suspended in flasks containing 10 ml mineral salts medium and incubated at 30 mC for 1-4 weeks. The medium consisted of 0n09 mM CaCl # , 0n06 mM MnSO % , 0n85 mM NaCl, 2n0 mM MgSO % , 100 mM potassium phosphate (pH 7n2), 5 ml vitamin solution (Genthner et al., 1981) , 1 ml trace element solution (Hormann & Andreesen, 1989) and 20 mM morpholine as carbon and nitrogen source. In experiments when no nitrogen was supplied with the carbon source tested, 5n6 mM NH % Cl was added to the medium. Serial dilutions of the obtained cultures were plated on mineral agar plates (containing 2 % agar) and incubated at 30 mC for 15-25 d. Subsequently, single colonies were transferred again into mineral salts medium. Pure cultures of morpholine-degrading bacteria were obtained by repeating this procedure twice. The fastest growing culture, designated strain HE5, was chosen for the investigations reported in this study and deposited at the DSMZ (Braunschweig, Germany) under the accession number DSM 44238. Mass cultures were grown in baffled flasks (2-5 l) shaken at 130 r.p.m. Growth was followed as the increase in OD '!! .
The substrate range of the isolated Mycobacterium sp. and the inhibition of growth on morpholine, pyrrolidine and piperidine by metyrapone were investigated by adding the corresponding compounds to mineral salts medium.
Identification of the isolated organism. Morphological properties of the isolated organism were determined by phasecontrast microscopy. Gram staining, acid-and alcoholfastness, catalase and oxidase activity and pigment production were investigated according to standard procedures. The GjC content of the isolated DNA was determined as described by Tamaoko & Komagata (1984) . Analysis of fatty acids was performed as reported by Ha$ ggblom et al. (1994) . Genomic DNA from a single colony of strain HE5 served as a template for PCR. Universal primers fD1 and rD1 were used for amplification of the 16S rDNA (Weisburg et al., 1991) . The obtained PCR product was purified and ligated into the pGEM-T vector (Promega). After transformation into Escherichia coli XL2-Blue and subsequent isolation of the plasmid vector, sequencing was carried out by using an ALF sequencer (Pharmacia) and the Cycle sequencing kit (Pharmacia). Analysis of the obtained sequence was performed by the  program and the  3 program using the EPRO database.
Determination of substrate and intermediate concentrations.
During growth of the organism, the concentration of morpholine in the mineral salts medium was determined by a colorimetric assay using naphthoquinone sulfonic acid (Knapp et al., 1982) . Alternatively, the concentration of morpholine and other growth substrates was estimated by GC analysis using a gas chromatograph 14-B (Shimadzu), a flameionization detector and capillary column BGB-1701 (SCP Seitz, length 30 m, inside diameter 0n25 mm, film thickness 0n25 µm). The secondary amines were derivatized with benzenesulfonyl chloride before analysis (Hamano et al., 1981) . The conditions set at the GC were : column temperature 200 mC, injector temperature 280 mC, detector temperature 240 mC, helium carrier gas at a flow rate of 40 cm s − " and a split of 1 : 20. The concentration of ammonia was estimated by a coupled enzymic assay using glutamate dehydrogenase (Boehringer).
Preparation and separation of crude extracts. After addition of 3 µl Benzonase (Benzonuclease) per 10 ml suspension and 10 µM PMSF, the washed cells were disrupted by passing them three times through a French press at 110 MPa. The cell debris and membranes were removed by centrifugation at 33 000 g for 20 min and 120 000 g for 1 h, respectively. The obtained supernatant, designated crude extract, was applied to a Q Sepharose column previously equilibrated with 50 mM potassium phosphate buffer, pH 8n5 (buffer A). Unbound protein was washed off with 3 vols buffer A and subsequently the bound protein was eluted by a linear gradient from 0 to 1 M NaCl in buffer A. Protein was determined according to Bradford (1976) using bovine serum albumin as a standard.
Spectral and polarographic measurements. The carbon monoxide difference spectra were recorded with a Uvikon 930 spectrophotometer (Kontron, Eching) using crude extract previously reduced by the addition of dithionite (2 mM). Carbon monoxide was bubbled through the cuvette and reduced extracts without carbon monoxide were used as reference. The morpholine-dependent oxygen consumption was determined polarographically using a Clark electrode (Rank Brothers).
RESULTS
Isolation and characterization of the morpholinedegrading strain
The morpholine-degrading strain used in this study was isolated from forest soil samples collected near Go$ ttingen (Germany). The growth rate of the obtained Morpholine degradation pure cultures was investigated and the fastest growing organism, designated strain HE5, was used for further studies. This strain was characterized as a Grampositive, catalase-positive, oxidase-negative, acid-fast, alcohol-fast, non-spore-forming, rod-shaped, thermosensitive bacterium. The DNA GjC content of the relatively fast-growing, orange-coloured, scotochromogenic organism was estimated to be 69 mol %. Analysis of the fatty acid pattern of the membrane led to the identification of 10-methyloctadecanoic acid (11 %), which is typical of the genera Rhodococcus, Nocardia, Gordona and Mycobacterium (Kroppenstedt, 1985) . These combined data indicated that the isolated organism belongs to the genus Mycobacterium. The cellular fatty acid pattern of Mycobacterium sp. strain HE5 revealed no significant similarities to the 27 patterns from different mycobacteria deposited at the MIS Library database for Mycobacteria. To obtain further information on the isolated organism, the complete sequence of the 16S rRNA gene was determined and deposited at the EMBL database under accession number AJ012738. The results obtained by sequence analysis confirmed the conclusion that strain HE5 belongs to the fast-growing, thermosensitive mycobacteria. The isolated strain shared with the fast-growing mycobacteria the lack of an extended helix structure at position 451-482 (E. coli numbering) (Stahl & Urbance, 1990) . A second signature sequence located at position 184-193 (E. coli numbering) can be used for a discrimination between thermotolerant and thermosensitive mycobacteria (Rogall et al., 1990 ; Stahl & Urbance, 1990) and Mycobacterium sp. strain HE5 showed a high similarity to the latter physiological group. The highly variable region between positions 175 and 238 (E. coli numbering) containing possible species-specific regions (Bo$ ddinghaus et al., 1990) showed 100 % identity to the corresponding sequence of M. gilvum. A comparison of the almost complete 16S rDNA sequence from Mycobacterium sp. strain HE5 to the EMBL database revealed the highest similarity to different members of the fastgrowing mycobacteria. A binary similarity value of 99n4, 98n7 and 98n3 % was determined to the sequences from M. gilvum, Mycobacterium parafortuitum and Mycobacterium chlorophenolicum, respectively. Growth experiments carried out with the type strain of M. gilvum (DSM 44245) under the same conditions described for Mycobacterium sp. strain HE5 showed that the type strain was not able to grow on morpholine, piperidine or pyrrolidine (20 mM each).
Growth of Mycobacterium sp. strain HE5
During investigations of the influence of pH, temperature and morpholine concentration on growth of Mycobacterium sp. strain HE5, optimal growth was obtained at a substrate concentration of 30 mM at 30 mC and pH 7n2 (Fig. 1) . Under these conditions, the maximal growth rate was determined at 0n17 h −" . The growth rate halved at a morpholine concentration of 45 mM and decreased to 0n041 or 0n023 h −" , respectively, if the morpholine concentration was increased to 60 or 100 mM (Fig. 1) . However, 70 % of the initial morpholine was still degraded if the strain was grown at a substrate concentration of 100 mM (data not shown). No growth occurred if morpholine was omitted from the medium. Mycobacterium sp. strain HE5 degraded 90p5 % of the initial morpholine (30 mM) during the exponential growth phase, whereas the remaining substrate was utilized during the stationary phase. The yield obtained under these conditions was 0n48 g cell dry weight per g substrate utilized. If the organism was grown in the presence of 60 mM morpholine the substrate concentration decreased by 40 mM within 48 h. During this time, the turbidity of the culture increased from 0n4 to about 6n0 (Fig. 2) . The morpholinedegradation rate determined under optimal growth conditions (30 mM morpholine, 30 mC, pH 7n2) was 0n84 mmol g −" (dry wt) h −" . No loss of morpholine was observed under the same conditions in the absence of bacterial cells. Taking all these data together, it is obvious that Mycobacterium sp. strain HE5 has a much higher morpholine-degrading capacity than the morpholine-utilizing organisms described so far, Mycobacterium aurum MO1, Mycobacterium sp. MorG and Mycobacterium sp. RP1 (Knapp et al., 1982 ; Mazure & Truffaut, 1994 ; Poupin et al., 1998) .
As observed for other morpholine-degrading organisms, Mycobacterium sp. strain HE5 released ammonia into the medium during growth on this substrate. At a substrate concentration of 60 mM the molar ratio of morpholine degraded to ammonia produced was found to be 1 : 0n5 (Fig. 2) . A similar stoichiometry was obtained at 20, 30, 40 and 50 mM morpholine, being different to the ratio of 1 : 0n82 and 1 : 0n94 determined for M. aurum MO1 and strain MorG, respectively (Knapp et al., 1982 ; Mazure & Truffaut, 1994 ; Swain et al., 1991) . the morpholine-containing mineral salts medium. Ammonia concentrations higher than 50 mM seem not to be relevant under physiological growth conditions but can be reached during growth on morpholine in batch-fed cultures (Mazure & Truffaut, 1994) .
Mycobacterium sp. strain HE5 was able to grow on the heterocycles pyrrolidine and piperidine, whereas no growth occurred in the presence of the substituted morpholine derivatives N-formyl-, N-methyl-, N-ethylmorpholine, 2-morpholinoethanol or piperazine. As shown by the succinate-grown control used in Fig. 3 , the ability to grow on pyrrolidine (Fig. 3) was delayed, as a lag phase of about 7n5 h was observed. A similar delay of growth was obtained if succinate-grown cells were transferred to a piperidine-or morpholine-containing medium (data not shown). Interestingly, no lag phase was observed if cells grown on morpholine (Fig. 3) or piperidine (data not shown) were transferred to a pyrrolidine-containing mineral salts medium, indicating that the pathway of pyrrolidine degradation was turned on by these substrates. However, a lag phase (9 h) was observed for growth of strain HE5 on morpholine or piperidine using cells pregrown on pyrrolidine (data not shown), and also growth on piperidine led to a delayed morpholine degradation, indicating a substrate-specific step.
Further growth substrates utilized by the organism were different organic acids and amino acids such as acetate, pyruvate, succinate, glycine, -alanine, -serine, -proline and -lysine and the proposed intermediates in morpholine catabolism : glycolate, glyoxylate and ethanolamine. 2-Hydroxymorpholine, the proposed hydroxylated ring product in morpholine degradation, 2-(2-aminoethoxy)acetaldehyde (as the open form of the latter) as well as 2-(2-aminoethoxy)acetate as the next proposed intermediate are not commercially available. Thus the degradation of these compounds could not be investigated. Mycobacterium sp. strain HE5 was unable to grow on the commercially available substances 2-(2-aminoethoxy)ethanol (from which the above-mentioned corresponding aldehyde or acid might be formed) or 2-(2-aminoethylamino)-ethanol. 2-(2-Aminoethoxy)acetate was suggested to be split to glycolate and aminoacetaldehyde (Swain et al., 1991 ; Combourieu et al., 1998 ; Poupin et al., 1998 medium (Fig. 4) . Growth on the more oxidized compound glyoxylate was significantly slower than determined for glycolate. Ethanolamine was utilized after an extended adaptation phase of more than 50 h (data not shown). If cells were pregrown on succinate, an extended lag phase was also observed after transfer to a glycolate-or glyoxylate-containing medium (data not shown).
Investigations on the initial reaction in morpholine degradation
The primary aim for these investigations was the detection of an enzymic activity catalysing the initial step in morpholine degradation. Very recently, evidence was presented that Mycobacterium sp. RP1 induces a cytochrome P450 during growth on morpholine . Thus a monooxygenase might be involved in the initial step of morpholine degradation. No morpholine-dependent oxygen consumption could be detected in crude extracts of Mycobacterium sp. strain HE5 prepared from morpholine-grown cells under aerobic or anaerobic conditions. The addition of NAD(P)H and FAD or FMN and\or DTT and\or Fe# + to the assay mixtures of different pH values (5n0-10n0) containing 0n1-20 mM morpholine had no influence on the oxygen consumption. These results could be explained by either a low stability of the corresponding activity or the non-involvement of an oxygenase reaction in the initial substrate conversion as previously proposed (Swain et al., 1991) . However, no morpholine-dependent dehydrogenase activity could be detected in extracts of Mycobacterium sp. strain HE5 (Schuffenhauer et al., 1999) . Based on the negative results obtained with cell extracts, we investigated resting or permeabilized cells for their morpholine-utilizing ability, comparing aerobic and anaerobic conditions and using GC analysis. Both resting or permeabilized cells of Mycobacterium sp. strain HE5 completely degraded the cyclic amines morpholine, piperidine and pyrrolidine. If oxygen was present, permeabilized cells were able to degrade each of the cyclic amines (20 mM) within 4 h (Fig. 5) . Under anaerobic conditions, only 7 % (1n4 mM) of the initial amount of, for example, morpholine was removed within 3 h from the supernatant. However, a subsequent addition of oxygen led to a resumed substrate removal (Fig. 5) . In addition, a morpholine-dependent oxygen consumption was observed using permeabilized cells. However, the oxygen consumption rate was threefold lower than determined with resting cells. These data indicated that an oxygenase might be involved in morpholine degradation. However, the activity of this enzyme seems to be very labile and extremely sensitive to the disruption of the native cell structure.
Metyrapone is regarded as a specific inhibitor of P450-dependent enzymes (Testa & Jenner, 1981) . Therefore, we investigated the influence of this compound on the growth of Mycobacterium sp. strain HE5. Addition of metyrapone (2 mM) resulted in a significant inhibition of growth which was quite similar if morpholine (Fig. 6) , pyrrolidine or piperidine (data not shown) was used as a substrate. However, cells grown on succinate were only retarded in their growth rate by metyrapone (Fig.  6 ). These data pointed to an involvement of a cytochrome P450 in the degradation of morpholine and the other cyclic amines by Mycobacterium sp. strain HE5. recorded from dithionite-reduced crude extracts of Mycobacterium sp. strain HE5 cells grown on succinate, morpholine (Fig. 7) , pyrrolidine and piperidine (data not shown). These spectra indicated that the organism produces a cytochrome P450 during growth on morpholine, pyrrolidine and piperidine which was not detected in extracts from succinate-grown cells. During incubation at room temperature the peak at 450 nm shifted to 420 nm (data not shown). This shift is a common feature of cytochrome P450s (Martinis et al., 1996) and thus confirmed the presence of this class of enzyme in extracts from cells grown on the cyclic amines. From these data it can be concluded that the organism expresses at least a similar cytochrome-P450-dependent enzyme system involved in the degradation of the three cyclic amines. Extracts from morpholine-, piperidine-, pyrrolidineand succinate-grown cells were fractionated by chromatography on Q Sepharose at pH 8n5, and the carbon monoxide difference spectrum of each fraction was recorded. A distinct peak based on the difference in A %&! was only observed in extracts from cells grown on the cyclic amines (data not shown), and not in the control prepared from succinate-grown cells. This suggested that a cytochrome P450 is expressed during growth of Mycobacterium sp. strain HE5 on each of the three cyclic amines. Furthermore, the elution behaviour of the individual P450 cytochromes varied slightly after separation of the corresponding crude extracts using the same Q Sepharose column. The cytochrome P450 from piperidine-grown cells eluted at a salt concentration of about 0n17 M KCl, that from morpholine-grown cells at 0n20 M KCl, whereas the cytochrome P450 from pyrrolidine-grown cells was detected at 0n24 M KCl (data not shown). These results suggested that different P450 cytochromes might be responsible for the initial hydroxylation of these cyclic amines. It is also obvious that carbon monoxide difference spectra might be a useful assay for the purification of the cytochrome P450 induced during growth on morpholine and the other cyclic amines. Therefore, the purification of a cytochrome P450 from morpholine-grown cells became possible and will be published separately.
DISCUSSION
A Mycobacterium sp. growing on morpholine and other cyclic amines as sole source of carbon, nitrogen and energy was isolated from the environment. According to the 16S rDNA, this strain is very closely related to the type strain of M. gilvum. A previously isolated mycobacterial strain able to grow on different polycyclic aromatic hydrocarbons, designated Mycobacterium sp. strain BB1, had a 16S rDNA sequence homology of 99n8 % to the corresponding sequence of M. gilvum (Boldrin et al., 1993) . Recently, the sequence of this organism was reported to be identical to M. gilvum and the obtained nucleotide differences were suggested to be due to sequence errors (Bo$ ttger et al., 1997) . However, even a 100 % identity cannot be taken as proof that two strains belong to the same species unless DNA-DNA homology studies have been performed (Stackebrandt & Goebel, 1994) . Interestingly, the type strain of M. gilvum and strain BB1 are not able to utilize -alanine as growth substrate (Boldrin et al., 1993) , in contrast to Mycobacterium sp. strain HE5, which contains an active -alanine dehydrogenase (Schuffenhauer et al., 1999) . As revealed during our investigations, the type strain of M. gilvum was not able to grow on morpholine, piperidine or pyrrolidine. Furthermore, M. gilvum is yellowpigmented in contrast to the orange colour of Mycobacterium sp. strain HE5. Thus the isolated strain might be a new species of the fast-growing mycobacteria. Morpholine degradation the type strain of M. gilvum is necessary to confirm this suggestion. However, based on all data available, it is obvious that the isolated strain is different from the previously described morpholine-degrading mycobacteria : M. aurum MO1, Mycobacterium sp. MorG, which resembles Mycobacterium chelonae, or strain RP1, being closely related to M. chlorophenolicum (Franklin, 1985 ; Cech et al., 1988 ; Combourieu et al., 1998) .
The morpholine-degradation rate determined for Mycobacterium sp. strain HE5 was about threefold higher than previously determined for M. aurum strain MO1 and strain MorG (Knapp et al., 1982 ; Cech et al., 1988 ; Mazure & Truffaut, 1994) . A doubling time of 9 h was determined for the very recently isolated strain RP1, being about twofold slower than estimated for Mycobacterium sp. strain HE5. M. aurum MO1 degrades about 11 mM morpholine within 235 h and strain RP1 catabolizes 10 mM morpholine within 50 h Mazure & Truffaut, 1994) . Thus Mycobacterium HE5 utilizing about 10-15 mM morpholine within 10 h has by far the highest potential for morpholine degradation and might therefore be useful in biotechnological applications.
The utilization of pyrrolidine and piperidine as growth substrates seems to be a common feature of nearly all morpholine-degrading mycobacteria isolated so far (Mazure & Truffaut, 1994 ; Poupin et al., 1998) . However, none of the morpholine-degrading organisms was able to grow on piperazine although it was reported in the case of strain MorG that morpholine induces an oxidizing activity of the non-growth substrate piperazine (Knapp et al., 1982) . Investigations performed with M. aurum MO1 indicated that morpholine did not induce the degradation of pyrrolidine and piperidine in this organism (Mazure & Truffaut, 1994) . Different results were obtained for strain MorG, where morpholine seems to induce the pathway for pyrrolidine degradation (Swain et al., 1991) . For Mycobacterium HE5 the degradation pathway of pyrrolidine seems to be induced during growth on morpholine and piperidine but not vice versa.
Depending on the organism investigated, different classes of enzymes were suggested to catalyse the initial oxidation during morpholine degradation (Swain et al., 1991 ; Poupin et al., 1998) . Carbon monoxide difference spectra of extracts from morpholine-, pyrrolidine-and piperidine-grown cells of Mycobacterium sp. RP1 indicated that the organism induces a cytochrome-P450-dependent monooxygenase during growth on these substrates . This monooxygenase was proposed to be responsible for the initial hydroxylation step in morpholine degradation, leading to the formation of 2-(2-aminoethoxy)acetaldehyde . However, a morpholine-dependent enzymic activity could not be detected in Mycobacterium RP1 or strain MorG. Very recently, Poupin et al. (1999) identified a gene encoding a cytochrome P450 involved in piperidine and pyrrolidine utilization by Mycobacterium smegmatis mc#155. An involvement of a cytochrome P450 in the initial oxidation of the three cyclic amines was supported by the data that we obtained for Mycobacterium HE5. A cytochrome P450 and a ferredoxin were isolated from Mycobacterium HE5 after growth on morpholine (to be published separately). The cytochrome P450 could only be detected by carbon monoxide difference spectra, not by an enzymic activity. However, using this assay it should be possible to investigate whether individual cytochrome P450s are expressed during growth on each cyclic amine and thus resolve the question of whether the same or different cytochrome P450s are responsible for the conversion of these substrates.
After the initial hydroxylation of morpholine to 2-hydroxymorpholine, spontaneous ring opening should occur followed by oxidation of 2-(2-aminoethoxy)-acetaldehyde to the corresponding acid. As the next step, the ether bond of 2-(2-aminoethoxy)acetate has to be cleaved. This might be achieved by a second monooxygenase reaction attacking one of the carbon atoms next to the ether bond (White et al., 1996) . However, until now nothing has been known about the enzyme catalysing this scission. The involvement of two monooxygenase reactions in morpholine degradation would be in accordance with the lag phase observed during growth of Mycobacterium sp. strain HE5 on morpholine in the case where the cells were pregrown on piperidine or pyrrolidine. Both compounds should not require a second monooxygenase in their degradation pathway. The cleavage of the ether bond was supposed to result in the formation of glycolate in the case of strains MO1, MorG and RP1 (Swain et al., 1991 ; Combourieu et al., 1998 ; Poupin et al., 1998) . Glycolate will only be formed if the hydroxylation occurs at the amino side of the ether bond of 2-(2-aminoethoxy)-acetate, and 2-aminoacetaldehyde will be the second product. The ability of morpholine-grown Mycobacterium HE5 cells to grow on glycolate without any lag phase might indicate that the organism employs a similar pathway in morpholine degradation. Glyoxylate and ethanolamine are proposed intermediates formed if the ether is hydroxylated at the carboxyl side. The formation of ethanolamine from the proposed intermediate 2-aminoacetaldehyde (Swain et al., 1991 ; Poupin et al., 1998) has not been shown so far. An alternative pathway might be the deamination of 2-(2-aminoethoxy)acetate leading after oxidation to the formation of the symmetric ether diglycolate (2,2h-oxydiacetate), subsequently cleaved by a second monooxygenase to glycolate and glyoxylate.
